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1. Introduction directives are now supporting the energy production from 
renewables such as the 20-20-20 directives [1] and, as a conse- 
Electrical energy production from renewable sources gained quence, many national governments are encouraging the adoption 
strong importance in the last two decades due to many reasons. of renewable energies providing financial incentives [2]. Seconda- 
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Nomenclature 

A ideality factor of a solar cell 

BIPV building integrated photovoltaic system 
BL bridge linked 

COI configurations of interest 

DAQ data acquisition system 

DES dynamic electrical Scheme 

DPST double-pole single-throw switch 

EAR electrical array configuration 

EI equalization index 

G irradiance 

HC honey-comb 

i row index 

I-V current-voltage 

Ig module reverse-bias diode saturation current (A) 
I light-generated current 

Ke module’s short circuit current 

j column index 

k Boltzmann’s constant 


m number of rows 

MPP maximum power point 

MPPT MPPT Maximum power point tracker 
n number of columns 

Npv number of photovoltaic modules 

Ns module’s total number of series cells 
NSW number of switches 

P-V power-voltage 

PV photovoltaic 

q electron charge 

R; module’s series resistance 

Rsh shunt resistance of a solar cell 

SP module’s series resistance 

SPDT single-pole double-throws switch 


SPST single-pole single-throw switch 
STC standard test conditions 

Te operating temperature 

TCT total cross tied 

Voe open-circuit voltage 

V: module’s thermal voltage (V) 


resources and, in particular, the energy harvested from the solar 
source represents one of the most exploited solutions thanks to 
the development of efficient technologies for Photovoltaic (PV) 
generation [3]. In Fig. 1, the generic layout of a PV generation 
system is shown. The PV plant includes a set of PV arrays and the 
conversion group interfacing the arrays to the power grid. Each PV 
array is composed of a number of parallel connected PV strings, 
Series Parallel, SP, topology, or of a number of series connected 
tiers, Total Cross Tied, TCT, topology. In Fig. 1 a PV plant with SP 
topology is reported. 

Nonetheless, the use of this source through PV array generators 
is affected by specific limits caused by the low efficiency-per-m? of 
conversion devices [4,5], the discontinuity of the solar source due 
to the alternating day and night, the high cost/kW-produced ratio, 
the unpredictability of weather conditions and finally the not 
efficient working conditions due to electrical mismatch. As it will 
be detailed in the following sections, differences in electric 
characteristics between solar cells composing a single PV module 
and between PV modules composing a PV string lead to a strong 
reduction of the output power of the whole PV plant [6,7]. 

All the above factors create a gap between the potential energy 
production and the actual energy extracted. Nowadays, the scien- 
tific community is further improving the conversion efficiency of 
PV modules [8-11] reducing costs per kW as well as implementing 


PV module 


PV string 


new and efficient algorithms for power conversion electronic 
devices interfacing the PV generator to the AC section, Maximum 
Power Point Tracking (MPPT) algorithms [12-14]. These algo- 
rithms are implemented in the power conversion group controller 
and let the PV array output the maximum power, by forcing the 
input impedance of the conversion group to match the maximum 
power operating point of the PV array. 

Other interesting research fields trying to overcome the cited 
limits are solar tracking strategies [15] and efficient faults detec- 
tion algorithms [16,17]. 

A leading-edge research area is developing dynamic reconfiguration 
strategies, namely efficient ways to dynamically change the connection 
layout of PV modules into PV arrays in order to improve power output 
under electrical mismatch conditions caused by partial shading and 
other issues. For instance, when one or more series-connected PV 
modules are shaded, the maximum permitted current is reduced, 
consequently decreasing the power output |18]. Moreover, the shaded 
or faulty module can reach critical high temperature, leading to the 
hotspot phenomenon [19-23] and consequently to the failure of the 
module. Bypass diodes avoid the hotspot and mismatch events 
[24,25], but they introduce losses and local maxima in the electrical 
characteristics of the PV module [26]. 

The MPPT algorithm implemented for the inverter control can 
be misled and the local maximum operating point can be 


Power grid 


Conversion 
group 


PV plant 


Fig. 1. PV plant components: series connected modules form a PV string, more parallel connected strings form a PV array. A PV plant includes also the conversion group 


transferring energy to thepower grid. 
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considered as absolute maximum [27]. As a result, the PV array 
would not produce the maximum output power. For these reasons, 
new smart strategies have been developed to find the absolute 
maxima of P-V curves [28-30]. 

Micro-inverter architecture [31,32], as well as dynamic recon- 
figuration strategies may increase the energy production of the PV 
plant, limiting electrical mismatch issues. The Micro-inverter 
architecture for the power conversion group has been recently 
proposed together with interesting solutions to locally adapt the 
P-V curve of the PV module to the maximum operating point as it 
will be detailed in Section 2.3. 

Dynamic reconfiguration strategy can be applied to different 
target applications. The first case is when the plant is affected by 
the shadow projected by a fixed object. This is common for PV 
plants placed on roofs or integrated in buildings. As an example, in 
[33,34] the dynamic reconfiguration approach has been applied to 
Building Integrated Photovoltaic Systems (BIPV). BIPVs are of great 
interests since they enable to take advantage of wide areas 
exposed to sunlight offered by buildings. 

The second case is when a portion of a large PV plant is affected 
by passing clouds. In this case there is generally a distributed 
drop of the irradiance above all the PV plant. Depending on the 
speed of the clouds producing a shade on the PV plant, the 
irradiance conditions can change suddenly, giving rise to a large 
deterioration of the PV plant efficiency that may last a long 
time, thus producing a reduction of the energy generated by 
the solar source. Finally, in the event of failure of one or many 
solar modules, these can be automatically disconnected by the 
reconfigurable array. 

The design of dynamic reconfiguration systems that can cope 
with environmentally variable conditions, shadings or failures 
both in small as well as in larger plants is influenced by many 
challenging aspects, influencing the control chain as depicted in 
Fig. 2. 

The data acquisition is performed through suitable measure- 
ment devices allowing to collect the field data required for the PV 
mathematical model providing input data for the reconfiguration 
algorithm. The latter two compose an open loop control system 
and thus the more accurate the PV mathematical model, the best 
control actions the reconfiguration system will give to the actuator. 
The switching matrix is the actuator. It implements the desired 
optimal configuration of the PV plant . In the following sections each 
of the cited elements of the control chain will be detailed. 

In this paper, a review on the state-of-the-art research on PV 
reconfiguration strategies to improve power output under non- 
uniform shading conditions is presented. Two interconnection 
topologies have been identified as the most interesting in the 
reported reconfiguration systems: Series-Parallel (SP) and Total- 
cross-tied (TCT). These two categories have been adopted in this 
work to classify the different approaches. These have been 
compared in terms of effectiveness of the control algorithms, 
monitored electrical and environmental variables, overall hard- 
ware complexity and specific characteristics of each solution, 
further focusing on the most challenging aspects of any reconfi- 
guration approach. 

The work is thus organized as follows. In Section 2 the most 
relevant general issues about the reconfiguration strategy are out- 
lined. The electrical mismatch issue is first considered in Section 2.1. 
with a focus on the partial shading problem. Then the different 


architectures of the power conversion system are outlined in 2.2., 
where their main features with reference to the mismatch issue are 
discussed in each case. Finally, a deeper insight about the PV 
mathematical model is presented in Section 2.3. 


2. General issues 
2.1. Electrical mismatch and partial shading 


Differences in electric characteristics of solar cells lead to mis- 
match losses [35,36] inside the module, while modules with different 
electrical characteristics lead to mismatch in the whole PV plant [6]. 
Both issues can be influenced by factors that are internal or external 
to the module. Internal factors include non-homogeneous character- 
istics of solar cells, caused by manufacturing defects, faulty solar cells 
and malfunction of one PV module [37]. External factors include 
degradation of materials used to encapsulate the cells, dirt deposited 
on the cell surface, different temperatures [38] and shading [39]. In 
particular, partial shading of PV modules occurs when these are 
subjected to passing clouds, smog layer or common urban elements 
such as chimneys, electricity pylons and surrounding buildings and 
dirt. The nature of dirt is also strictly related to the location where the 
PV plant is installed, for instance, ashes can be present near volcanic 
areas and salt deposits might be found by the seaside. All these 
factors lead to a reduction of the module performances, implying 
that the generated power of a PV plant is less than the sum of the 
generated power of each solar module when working as stand-alone. 

When modules with different electrical characteristics are 
connected in a PV array [40], the mismatch issues become critical. 
In fact, the solar module in the worst operating condition 
determines the output current of the entire series-connection, 
leading also to non-recoverable reverse bias breakdown, hotspot 
phenomena and excessive power depletion as a result of mismatch 
effects [19] [41-43]. 

Since mitigation of mismatch losses in a solar array is always 
necessary, most commercial PV modules incorporate one or more 
bypass diodes, inserted in parallel to a group of cells series- 
connected [25] [44]. The presence of bypass diodes significantly 
affects the electrical curves of the PV array and creates one or 
more local maximum power points (MPP) in the P-V characteristic 
when a significant mismatch occurs, see Fig. 3. 

Therefore, distortion of shaded I-V curve may lead to an error 
in the determination of the global MPP[42]. In the literature, some 
efficient simulation tools have been described [45-47]. 


2.2. Power conversion architecture 


For grid-connected PV plants a proper design of the architec- 
ture of the power conversion group is required. The choice of the 
number of inverters and their configuration affects significantly 
the performance, reliability, mismatch rejection and of course 
costs of the plant. Many architectures for the PV generator have 
been adopted in real-world cases. The most commonly reported 
architectures are [48-50]: 


1. Central-inverter architecture (Fig. 4a): all the strings are con- 
nected to the input of the common unique inverter, thus 
implementing the MPPT for the whole array. This solution is 


Fig. 2. Dynamic reconfiguration system for PV plant: flow chart for optimal operation. 
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Fig. 3. Effects of mismatch condition in P-V curve, in particular: (a) typically P-V curve for PV module in standard condition with single maximum, (b) P-V curve with two 
local maxima. 


Fig. 4. PV generator architecture: (a) Central inverter, (b) String inverter, (c) Multi-string inverter architecture, (d) Micro-inverter architecture. 


usually simpler and cheaper but has the disadvantage that algorithm. In this case, a reconfiguration approach could create 

mismatch losses are higher. These can be compensated by strings by connecting solar modules with similar irradiance 

means of a reconfigurable interconnection array. levels. Namely, solar modules are exchanged between strings, 
2. String-inverter architecture (Fig. 4b): every string has its own thus increasing the over power output.[49]. 

inverter thus performances under partial shading condition are 3. Multi-string inverter architecture (Fig. 4c): a DC/DC boost 

increased. Usually this is the case when an inverter presenting converter is installed in each string. All the DC/DC outputs 

more MPPT input channels is used, where each is generally a insist on a common DC bus and this is finally connected to 


stand-alone inverter itself implementing its own MPPT the DC/AC stage. This solution combines both the advantages 


416 D. La Manna et al. / Renewable and Sustainable Energy Reviews 33 (2014) 412-426 


of the cheaper central-inverter architecture and the better 
performances of the string-inverter architecture. Even in this 
case, a reconfiguration approach creates strings by connecting 
solar modules with similar irradiance levels. 

4. Micro-inverter architecture (Fig. 4d): each module has its own 
inverter with a dedicated MPPT and all the micro-inverter 
outputs are connected to a unique AC bus [51]. PV plants 
adopting this solution are ideally immune from mismatch 
losses caused by different irradiance degrees and thus the 
reconfigurable approach does not apply. The disadvantages 
are essentially higher costs of each micro-inverter [52]. More- 
over they may show a more limited reliability since they are 
exposed to varying weather conditions (i.e. rain, snow). In fact, 
the single inverter of the first solution is usually stored in a 
proper housing providing more stable environmental condi- 
tions [53,54]. 


Fig. 5. Circuit of the 5-parameter model of a photovoltaic cell. 


In Section 3, the most interesting reconfiguration strategies 
that can be implemented over different existing PV plants topol- 
ogies proposed in the literature are presented. 


2.3. Mathematical model of PV cells 


As discussed in Section 1, dynamic reconfiguration strategy 
depends on a good modelling of the PV array. Infact, the best 
choice of the mathematical model is necessary for the optimal 
design and simulation of the PV array under partial shading 
conditions. A PV module mathematical model is built starting 
from the solar cell model. In the literature, many different models 
to describe the solar cell have been proposed [55-59]. Depending 
on the number of the parameters used to model the solar cell 
[60-66], the accuracy improves while their implementation [46] 
and the computational complexity are increased. A good compro- 
mise between accuracy and calculation times, compatible with an 
elaboration over a microcontroller, is a 5-parameter model [67,68]. 
The circuit model is shown in Fig. 5 . 

For a module composed of many solar cells series-connected, 
the total module current I is expressed by 


V-+IRs 
Rsh 


rei: lo (ert 1) (1) 


where I, is the light-generated current, Iọ the diode reverse 
saturation current, R, and Rsn respectively the cell series and shunt 


resistance, N, the number of cells series-connected, A the ideality 
factor and V,=kT,/q, with k the Boltzmann’s constant and q the 


L 


Fig. 6. Connection topologies of the PV array. (a) Series array, (b) parallel array, (c) series-parallel array, (d) total-cross tied array, (e) bridge-link array and (f) honey-comb array. 
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electron charge and T, the temperature of cell. It is worth noticing 
that (1) is a transcendental equation and parameters have to be 
quantified considering their dependence on solar radiation and 
temperature [38] [69]. In particular, while the ideality factor A is a 
constant value that does not vary with temperature (its value 
measure the junction quality and the type of recombination in a 
solar cell) [69], Ip,J;, are temperature-dependent, as depicted in 


TV ieee D7 
to=to( re) ole (re T) @ 


where Igo is the reverse saturation current in STC and Eg is the 
band gap energy in (eV): 


-_ —4 Te 
Eg = 1.16-7.02 x 10 T1108 (3) 
The light-generated current can be expressed by 
G 
L= GE Urse tlie Te- Terl (4) 


where G is the solar radiation measured in W/m7?, Gsrc the solar 
radiation in standard conditions, STC, (1000W/m?), Tc. the 
temperature at STC (298,15 K),u,,. is the short-circuit current 
temperature coefficient. I- is the PV cell light-generated current 
at STC. R; and R,, represent the energy losses and voltage drops 
occurring in the presence of the photocurrent [70-73]. There are 
two approaches to calculate the model parameters: one is numer- 
ical, in which the parameters are calculated iteratively and the 
second involves the extraction of the parameters analytically |46] 
[74,75]. 


Table 1 
Summary of Velasco et al. approach [88]. 


Reconfiguration strategy Irradiance equalization 


Control algorithm - 
Number of switches 
Acquired parameters 
Complexity 


2 Npy m- throws 
Voltage and current of the module 
Medium 


W/m? 


2600 


W/m? 


W/m? 


W/m? 


Substituting (4) in (1), the following expression is obtained: 


V+IRs 
Gsrc I+ ef —1 gY TIR 6) 
= feng) 


= Tre + Hsc (Te Rsh 


Eq. (5) provides an accurate way to estimate the solar radiation 
received by the PV module by measuring its voltage, current and 
temperature, provided that all the other terms in (5) are fixed. 
Furthermore, the solar radiation can be estimated even with two 
parameters only, one of which is the temperature, in the following 
two cases: 


(a) the solar module can be put in open-circuit and the Vəc 
acquired, as in [76]; 

(b) the solar module can be put in short-circuit and the Lec 
acquired, as in [77]; 


In the two cases, the solar radiation is respectively given by 


Voc — Vocsre ~ #Voc l'e -Tesro) 


G= Gsrce NT (6) 
g= T D 
= ee sc T My, c Csrc 


where uy „ is the open-circuit voltage temperature coefficient and 
Isc.,- the short-circuit current in STC. 

Eqs. (5), (6) and (7) represent three different strategies for 
estimation of irradiances, namely the necessary inputs of the 
algorithm controlling the dynamic reconfiguration system. 

Indeed from the diagnosis of the working conditions of the 
modules, that can be carried out based on the above considera- 
tions, rather than on costly measures, the reconfiguration algo- 
rithm can identify the best PV plant configuration. 


3. Reconfiguration strategies 
In the literature, many alternative array interconnection topol- 
ogies have been proposed for reducing mismatch losses [78-84]. 


Series and parallel topologies, Fig. 6 a and b, are the basic 
configurations, with the main disadvantages that, respectively, 


W/m? 


W/m? 


Fig. 7. Irradiance equalization example: (a) before sorting, rows have different irradiance levels: 3200, 2600, 2800 and 3400 W/m”; (b) changing PV modules position 
following a reconfiguration approach (modules 3-11 and 8-13 have been switched, the irradiance could be equalized as 3000 W/m’. 
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the current and the voltage are below the practical desired values. 
During partial shading, parallel-connected PV elements produce 
higher power than series-connected ones, since in the parallel 
connection the overall current is the summation of all the currents 
[22] and voltages do not vary very significantly|85]. However, 
higher currents flow in parallel-connected elements, so that power 
losses[86] and voltage drops are generally higher and cabling is 
more expensive. In actual PV power plants, the serial-parallel (SP) 
is the most common connection. It is obtained connecting solar 
modules in series to form a string (necessary to reach the voltage 
required by inverter input ranges); strings are then connected in 
parallel to increase the total current (as shown in Fig. 6c). In Total- 
cross-tied (TCT) configurations (see Fig. 6d), modules are first 
parallel tied so that voltages are equal and currents are summed 
up; many of these groups are then connected in series. Though 
under uniform conditions SP and TCT modules connection provide 
the same power value, the TCT topology reduces the overall effect 
of mismatch. In the Bridge-link (BL) topology, in Fig. Ge, about half 
of the interconnections of the TCT topology are avoided, so that 
cable losses and wiring installation time are reduced [87]. Though, 
in larger installations the TCT arrangement can be easier to wire 
because of the simplicity of the pattern [78]. Advantages shown by 
both TCT and BL topologies have been combined in the Honey- 
Comb (HC) configuration (in Fig. 6f). 


Table 2 
Summary of Romano et al. approach [91]. 


Although many convenient interconnection topologies have 
been developed, so far the most exploited solutions rely on TCT 
and SP module interconnections. 

In the following sections, the different reconfiguration 
approaches proposed in the literature have been compared in 
terms of effectiveness of the control algorithms, monitored elec- 
trical and environmental variables, overall hardware complexity 
and specific characteristics of each solution, further focusing 
on the most challenging aspects of a reconfiguration approach. 
In each approach the hardware implementation is also considered 
by means of the evaluation of the number of required switches. In 
Section 4.2, the issue is more extensively treated. 


3.1. Reconfiguration for TCT topology 


As already discussed in this work, the TCT interconnection 
allows to reduce the overall effects of mismatch. The challenge in a 
TCT reconfiguration technique consists in connecting PV modules 
in irradiance-balanced tiers. An interesting optimization algorithm 
based on the use of an equalization index was presented in [88]. 
As it will be detailed right below in this section, irradiance 
equalization aims to obtain series connected tiers, also called rows, 
where the sum of the irradiances of the modules is the same; this 


Table 3 
Summary of Wilson et al. approach [92]. 


Reconfiguration strategy 


Control algorithm 
Number of switches 
Acquired parameters 
Complexity 


Irradiance equalization 


Deterministic and random search 
Nsw = (2MNpy)ppsr +(™)sppr 
Voltage and current of the module 
Medium 


Reconfiguration 
strategy 


Control algorithm 
Number of switches 


Acquired parameters 
Complexity 


Irradiance 
equalization 


Best worst sorting 
Nsw = Npy(m? — m) 
Voltage and current 
Medium - High 


ROW 2 


ROW 3 


Fig. 8. (a) Electrical scheme for a square switching matrix m=n=3. (b) Every module is connected to the electrical bus with m-throw switches. In particular, the position of 
the first module in the matrix is fixed to the row one, the second could be connected to the first or second row. The others may be connected indifferently to the first, second 
or third row. 
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Fig. 9. DES structure for 6 modules (a) and non symmetric matrix (b). 


Table 4 
Summary of Nguyen et al. approach [76]. 


Reconfiguration strategy Adaptive bank 

Bubble sort and model based 

(2NagNpy)SPST 

Operating and open circuit voltage, temperature 
Medium 


Control algorithm 
Number of switches 
Acquired parameters 
Complexity 


results in a string where the circulating current is proportional to 
the given sum of irradiances of one row. The algorithm equalizes 
the available power on each row, thus n ideal current generators, 
with the same nominal values, are connected in the string, 
avoiding mismatch losses. 

Indicating with Gj the irradiance value of the module located 
on row I and column j within the topology showed in Fig. 7, the 
total irradiance of the row i is defined as 


_ Lj= 1Gij 


Gi 
m 


(8) 
where m is the number of modules that are parallel connected. 

For each configuration, the algorithm calculates the equaliza- 
tion index (EI) by means of the following expression: 


EI = max(G;) — min(G;)v i (9) 
1 1 


This index quantifies the degree of current limitation of the 
configuration and thus the one minimizing EI is selected. The 
secondary aim pursued by the algorithm is the smallest number of 
switching operations starting from the initial configuration. Under 
the same equalization index, the configuration with the least 
number of switching operations to be performed is selected. 

In [89] a PV generator with an electrical array configuration (EAR) 
controlled by the irradiance equalization algorithm has been pre- 
sented. The EAR PV generator is composed of a static part, necessary 
to meet the input range constraints of the inverter, and a reconfigur- 
able one, controlled by the irradiance equalization algorithm. 

Although all the possible interconnections of PV modules are 
(m-n)!, the total configurations of interest (C), namely the config- 
urations delivering different values of output power, are 


= (m:n)! 


~ m! -(n!y" 10) 


with m and n the number of rows and columns. 


All the configurations of interest can be achieved by using a 
number of switches, Nsw, equal to 


Nsw = 2Npy (11) 


These N,w switches are of single-pole m-throws type and Npy is the 
number of PV modules. It should be noted that, if not commer- 
cially available, it is necessary to emulate a m-throw switch by 
connecting m single pole switches in parallel, thus increasing Nsw 
by a m factor as well as the overall control complexity. The 
simplified matrix for the case of m=3 rows and n= 3 solar 
modules per row is shown in Fig. 8a and b. 

The PV modules current and voltage values were measured bya 
Data Acquisition system (DAQ) connected to a PC, which computed 
the controlling algorithm implemented in MATLAB. Table 1 shows 
the most relevant features of the Velasco et al. approach [84]. 

A variation of this technique was proposed in [90] as a mixed 
integer quadratic programming problem, which can be also applied 
when a non-equal number of modules per row is considered. 

In [91] a particular switching matrix, named Dynamic Electrical 
Scheme (DES) shown in Fig. 9a, is proposed. It allows to implement 
two different reconfigurable controlling algorithms by computing the 
irradiance equalization. This solution creates rows with a non-equal 
number of modules, thus increasing the number of possible inter- 
connection configurations. Calculation time, for a given number of 
modules, is fixed for the deterministic search algorithm, while in the 
random search algorithm it depends on the ending condition (e.g. 
prefixed number of iterations or flattening criterion). By the determi- 
nistic search algorithm, modules are ordered within the topology 
showed in Fig. 9b according to decreasing irradiance values. First, the 
minimum (Nrowmin) and maximum (Nrowmax) number of rows of the 
optimized PV array are set. The algorithm then looks for the optimal 
configuration starting with a number of rows (Nrows) equal to 
Nrowmin. The first Nrows Modules of the decreasing sequence are 
located one per row; then the remaining modules of the sequence 
are one by one connected to the row for which the sum of the 
irradiances of the modules already positioned is the minimum. After 
the last iteration, all modules are located and the total irradiations of 
rows are known. Then the algorithm calculates the equalization 
index by means of (9) and stores it. The number Nerows is thus 
increased and the same procedure is repeated until Nrows=Nrowmax: 
Finally, the optimal configuration is the one that minimizes the 
equalization index. 

The DES requires a number of switches N,y, equal to 


Nsw = (2mNpv)ppst + (™)sppr (12) 
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Where DPST are double-pole single-throwswitches, Npy is the 
number of PV modules and m is the number of rows, supporting 
up to(m-n)!/(n!)" configurations. 

Table 2 shows the most relevant features of the Candela et al. 
approach [91]. 

Another method based on the irradiance equalization principle 
was presented in [92]. The proposed technique is an iterative and 
hierarchical sorting algorithm, designed to achieve a near opti- 
mum configuration in an efficient way in terms of number of 
iterations. The irradiances of cells are obtained, arranged in 
descending order and mapped to the matrix of the physical PV 
array. Next, all even rows are flipped left to right and added to the 
preceding odd row, resulting in an averaged matrix. This method is 
applied again, resulting in a second average. The process stops 
when all the rows have been considered. A number of padding 
rows of zeros can be added if the number of rows is not a power of 
two nor an even number. An example is shown in Fig. 10. Although 
the proposed interconnection matrix supports each row having 
arbitrary number of modules, the algorithm enables to build rows 
having the same number of modules only. If single-pole single- 
throw (SPST) switches are used, the number of required switches, 
Now» is 


Nsw = Npy -(m?—m) (13) 


where m is the number of rows. 

Table 3 shows the most relevant features of the Wilson et al. 
approach [92]. 

In [93], a system architecture enabling the adaptive intercon- 
nection of solar cells inside a PV module was presented. This 
solution can be extended to a PV plant, where, instead of solar 
cells, many modules are considered. In this approach, a switching 
matrix connects a fixed number of fixed PV cells in a TCT topology, 
to another small reconfigurable (not fixed) bank of solar cells [76]. 
The number of switches required by this approach is smaller when 
compared to other solutions, for the presence of affixed part, thus 
enabling the use of simpler controlling algorithms. Under uniform 
irradiance conditions, static part and the adaptive one are con- 
nected together through the switching matrix shown in Fig. 11. If 
the first row is shaded, its voltage Vı is less than a threshold 
voltage; otherwise, when the j-th row (with j #1) is shaded, the 
output voltage is less than the quantity Vx: 


Vout < Vx(where Vx = mV1) (14) 


Where m is the number of rows. Both conditions trigger the 
reconfiguration phase. The logic of this approach relies on con- 
necting the most irradiated cell of the bank (with the maximum 
open-circuit voltage) to the most shaded row of the fixed part, in 
order to compensate the irradiance (and thus the voltage) drop. 


17 2059525549 83 8672 


52 68 48 64 55 52 
E> 4 29 


72 41 55 29 
15 83 14 18 18 17 


A simple bubble-sort method and a quick model-based method are 
presented in [94] for controlling the switching matrix. 

Table 4 shows the most relevant features of the Nguyen et al. 
approach [|76]. 

In [95] a self-adaptive reconfiguration method based on fuzzy 
logic was proposed. When the voltage across a row is less than the 
threshold, the shading degree and the derivative of the irradiance 
are calculated, and then used as the inputs of a fuzzy controller. 
The latter calculates the number of PV cells of an adaptive bank 
needed to compensate the irradiance drop and then the reconfi- 
guration is carried out. 

Finally, In [96] the Su Do Ku puzzle pattern is used to physical 
arrange modules in a TCT connected PV array, distributing the 
shading effects over the array and consequently reducing the 
occurrence of shaded modules in the same row. 


3.2. Reconfiguration in SP topology 


Reconfiguration by means of SP topology aims to build strings 
of series-connected modules with similar irradiance levels and 
then connecting all these strings in parallel. In this way, well- 
irradiated solar panels will not be limited in current by a low 
irradiance panel of the same string. 

A Flexible Switch array Matrix (FSM) was presented in [97]. The 
FSM is integrated with PV modules to form the Elastic Photovoltaic 
Structure (EPVS) as shown in Fig. 12. In uniform conditions, the PV 
system operates as a central inverter topology and the DC/DC 
converter is not used. When mismatch occurs, the proposed 
system excludes the shaded PV modules, reconfiguring the 
remaining ones in the main PV strings (MPV) and, if necessary, a 
sub-PV string (SPV). MPV strings have an equal number of 
modules connected directly to the inverter input, while SPV has 
fewer modules so that the DC/DC converter is used to connect this 
partial string to the inverter, thus avoiding mismatch losses. Four 
single-pole dual-throw (SPDT) switches are needed for every 
module, while two are required for the MPV bus and other two 
more for the SPV. The total number of required switches, Nsw, is 
given by the expression: 


Nsw = (2Npv )sppr + (2Npv +4)spsr (15) 


where Npy is the number of modules and 4 are the switches 
required for the MPV and SPV bus. The identification of the 
irradiance conditions of PV modules was achieved by measuring 
voltage, current and temperature of each module. In [98] a 9- 
module prototype system implementing this approach is pre- 
sented, showing power gains compatible with simulation results. 

Table 5 shows the most relevant features of the Alahmad et al. 
approach [97]. 


68 64 83 72 68 64 
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II-IV rows 


Fig. 10. Example of the best sorting algorithm. 
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Another approach using DC/DC converter is presented in [99], 
where multiple strings, each containing substrings of similar 
power levels only, were created. All the strings were connected 
to a DC/DC converter array, converging to a unique dc bus. 

In [100]the aim was to build strings where solar cells having 
similar irradiance levels, G, are connected. The authors proposed 
three irradiance levels, based on different ranges: bright (600 < G < 
800 W/m7), grey (400 < G < 600 W/m?) and dark (G < 400 W/m?) 
states as shown in Fig. 13. First, the current (Ip) across every bypass 
diode of each cell is sensed; when J, is greater than zero the cell is 
dark, otherwise the short-circuit current (Isc) is measured to classify 
the cell as bright or grey. The derivative of the short circuit current 
with respect to the time, indicated with dI,-/dt, is evaluated, since 
grey cells can experience transitions towards dark or bright states. 
The sign of the Ic derivative gives the direction of the transition [77] . 

The proposed strategy calculates the number of shaded (dark) 
cells and if this is greater than 15% of the total, the reconfiguration 
occurs. Cells of the same state are combined in strings (bright 
strings and grey strings), while dark cells are excluded from the 
array, since their power contribution is negligible. The proposed 
system senses temperature and open-circuit voltage of each cell 
for monitoring purposes |101]. The proposed approach requires a 
number of switches N,,, equal to 


((m-n)—1)-(2+ (m:n) 
2 


Nsw =(m-n)+ (16) 


Table 6 shows the most relevant features of the Patnaik et al. 
approach [77]. 


Table 5 
Summary of Alahmad et al. approach [97]. 


Reconfiguration strategy Elastic photovoltaic structure 


Control algorithm - 

Number of switches (2Npv )sppr +(2Npv +4)spsr 
Acquired parameters Voltage, current and temperature 
Complexity and applicability High 


Ky 


STS 


Solar fixed part 
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In [102] the Rough Set Theory (RST) is used to build an 
Automatic Reconfiguration System (ARS). For a SP topology of PV 
modules, different cases of shadowing conditions (when one or 
two modules are shaded) are considered and, for each of them, the 
most convenient SP connection of PV modules is selected. The RST 
helps to recognize similar or equivalent cases, producing simpli- 
fied rules starting from the data of a decision table [103]. Each 
module of the PV array supplies a certain value of current i(k). 
When i(k) is less than a threshold current Ief (i(k)< Ief), the 
module is considered ‘shaded’; on the contrary, if i(k) > lep the 
module is considered ‘unshaded’. For every module of the PV 
array, the information about its shading state is used by the set of 
rules and the correct rule is chosen. Every rule contains a switch 
configuration which sets the optimal configuration for the elec- 
trical connections of the panel. Table 7 shows the most relevant 
features of the Dos Santos et al. approach [98]. 


4. Challenging issues 
4.1. Monitoring 


A monitoring system for a PV array is usually needed to collect 
power production and performance data as well as weather 
conditions. This data enable to track the working conditions of 
each module, recognizing faulty solar panels, mismatch and partial 
shading conditions [104-107]. Monitored variables of interest are 
DC and AC electrical parameters (voltage, current, power), module 
and ambient temperature, irradiance, wind speed and humidity 
[108,109]. While the majority of monitoring systems collect 
data at a whole plant level, sensing parameters that are closer to 
each module are necessary when a PV module reconfigurat- 
ion approach is adopted. As detailed in Section 2.3 and in the 
subsequent sections, most open loop control systems employed 
for dynamic reconfiguration purposes use the irradiance value 
since the irradiance equalization algorithm [110] requires the 
knowledge of the irradiance for every PV module. The most 
common method to sense the irradiance employs a pyranometer, 
thus common solar plants have one or few units for monitoring 
purpose. In order to have a good understanding of the spatial 
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Fig. 11. Adaptive bank approach; the solar cells with low irradiance are blue-colored, while the yellow one are full irradiated. 
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Fig. 13. Reconfiguration strategy in SP connection: (a) PV array with four different irradiance levels: 800, 700, 600 and 400 W/m?, (b) after sorting, PV array is composed by 


three string with 800, 700 and 600 W/m?. The PV panels with 400 W/m? are excluded. 


Table 6 
Summary of Patnaik et al. approach [77]. 


Reconfiguration strategy Solar irradiance level categories 


Control algorithm - 

Number of switches (mn+(mn— 1)(2+MN))spsr 

Acquired parameters Cell temperature, bypass diode and short-circuit 
current 


Complexity and Medium - High 


applicability 


irradiance profile, one pyranometer per PV module should be 
used, consequently increasing costs. Another approach estimates 
the irradiance level of each solar module by measuring the 
electrical characteristics of the modules. Voltage, current and 
temperature can be used in combination with the physical para- 
meters of the given solar module to obtain the irradiance value 
using the PV electrical model in Eq. (5). In [89] and [97] a 


Table 7 


Summary of Dos Santos et al approach [102]. 


Reconfiguration strategy Rough set theory 


Control algorithm 
Number of switches 
Acquired parameters 
Complexity 


Identification of optimal rule 
Not-specified 

Current 

Medium 


simplified model was used to estimate the irradiance, starting 
from the voltage and the current of the module. However in many 
real-world situations, temperature effects should not be neglected 
since, under shadow conditions, the temperature difference 
between modules can be significantly greater than zero. Thus, 
the irradiance levels can be considerably different even if modules 
have compatible values of voltage and current. 
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Table 8 


Resume of the reconfiguration strategy in terms of: control algorithm, number of switch and acquiredparameters. 


Authors Strategy Control N° of switches Acquired parameters Complexity Notes 
algorithm 
TCT 
Velasco et al. [88] Irradiance See control flow 2Npym-throws* Row voltage and current Medium Static and dynamic part 
equalization chart of the module 
Romano et al. Irradiance Deterministic, (Npv)ppst + Msps Irradiances Medium Supports rows with different 
[91] equalization Random-search number of modules 
Wilson et al. [92] Irradiance Best worst Npy(m? —m)spst Voltage and current Medium - High Supports rows with different 
equalization sorting number of modules ° 
Nguyen et al. [76] Adaptive bank Bubble-sort, (2NapNpv)spst m° Operating and open circuit Medium Fixed part with an adaptive 
Model based voltage, temperature solar cells bank 
SP 
Alahmad et al. EPVS See control flow (2Npy)sppr+(2Npy+4)spsr Voltage, current High The string with the not-equal 
[97] chart e temperature number of modules is matched by 


Patnaik et al. [77] Solar irradiance See control flow 
level categories chart 


(mn+(mn-—1) 
(2+mn))spsr“ 


Dos Santos et al. Rough set theory Identification of 
[102] optimal rule 


Not specified 


* This can be reduced and the switching matrix simplified. 


a DC/DC converter 
Medium - High Irradiance classified in bright, 
grey and dark levels 


Cell temperature, bypass 
diode current and 
short-circuit current 
Current 


Medium Simplified logic rules to select 


optimal switch configuration 


P The algorithm enables only to build rows having the same number of modules, despite the interconnection matrix is more flexible. 


€ Nag number of adaptive banks. 
4 m, n number of rows and columns respectively. 


It is worth mentioning that, while in a SP topology it is 
necessary to acquire the voltage for each module but only the 
current of each string, in a TCT topology the voltage of every row 
and the current of each module are needed. Thus in a TCT topology 
more current sensors are used. Another approach relies on short- 
circuit current sensing of each module, estimating G by Eq.(7). The 
advantage of this method is that I,. has a linear dependence on 
irradiance [|77] and also is not very sensitive to temperature 
variations, thus temperature measurements are not necessary. 
This approach however requires each solar module to be electri- 
cally disconnected from the PV array and to be short-circuited for 
every measurement, not only causing lack of its power contribu- 
tion, but even leading to the stop of the inverter MPPT algorithm if 
the minimum voltage and current input ranges are not satisfied 
due to its exclusion. In order to avoid installing current sensors, 
usually more expensive than voltage sensors, the open-circuit 
voltage V»: and the temperature of each module can be measured 
and G estimated by using (4). Even in this case, each solar module 
will be electrically disconnected from the PV array. In [76] a similar 
approach was used to evaluate irradiance levels, although the 
temperature is not acquired for each module. 

Monitoring a fixed PV plant in order to evaluate the afford- 
ability of its conversion to a reconfigurable plant is an issue of 
great interest. For such application, a wireless monitoring system 
[111] could be adopted for sensing the electrical characteristics of 
each module of the plant, thus processing the acquired data to 
evaluate the power improvement that could be obtained using a 
reconfigurable interconnection matrix. 


4.2. Switching matrix 


The switching matrix is one of the most crucial points of a 
dynamic PV reconfiguration system. The switching architecture 
must provide strong reliability, low costs, low maintenance and its 
life-time should be the same of the PV generator itself. Different 
kinds of switches exist and these include mechanical or solid-state 
relays, contactors, MOSFETs, IGBTs, SCRs. MOSFETs are interesting 
because of their relative low cost, high efficiency and high power 
availability but their control can be difficult. A solution based on 


MOSFETs was presented in [101] [112]. Relays are in many cases 
the most effective choice, mainly in the mechanical version. In fact, 
although solid-state relays offer a higher cycles lifetime because 
they have no moving parts, they are more expensive for the higher 
currents needed by PV module interconnections. Since switching 
matrix costs are proportional to the number of relays and their 
costs are nearly proportional to rated current, solutions minimiz- 
ing the number of switches and topologies where current through 
relays is lower, should be adopted. 

It is interesting to observe that the number of required switches 
influence the fixed installation costs while the number of switching 
operations influences the lifetime of the entire apparatus and thus 
can be considered as variable operating costs, although in the 
literature there is not a deep insight about this issue. 

Latching relays can be very convenient since they need a driver 
only when it is necessary to switch contacts, so that they consume 
nearly zero static power. Also, the driver circuit can be multiplexed 
to many or all the relays, depending if it is desired switching many 
relays at the same time or one by one sequentially. Some authors, 
for instance [88] and [102] presented switching matrixes requiring 
one-pole to multiple-throws relays. Since commercial off-the-shelf 
relays provide a limited number of multiple-throws, these must be 
emulated by connecting many single pole relays in parallel, thus 
increasing overall control complexity as well as costs. 


5. Summary and discussion 


In this paper, some of the most interesting PV reconfiguration 
strategies for different PV plant topologies presented in the 
literature have been discussed. While many commercial solutions 
rely on the classic Series Parallel topology, the Total Cross Tied 
topology has raised a great interest from many authors. TCT offers 
effective optimization algorithms and higher flexibility, see 
Table 8, despite the higher currents of this topology usually lead 
to more expensive cabling, thus reducing the Return-on- 
Investments (ROI) index. Furthermore, for small PV plants the 
overall voltage plant output is less than in the case of the SP 
topology. 
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On the other hand, marketing target in the next years, could be 
the conversion of fixed PV plants into reconfigurable ones; in this 
way, keeping the SP topology will save re-designing efforts and 
costs. Adding a dynamic reconfiguration system to an existing PV 
plant that benefits from a particular feed in tariff would produce 
not only an increase of the energy produced but also an increase of 
the economic advantages connected to the relevant feed in tariff. 

Under the “ContoEnergia V” promoted by the Italian govern- 
ment in the 2012, the installation of a power optimizer device such 
as a dynamic reconfiguration system would be rewarded with a 
further economic incentive in the €/MWh-produced tariff to the 
owner of the plant that could reach 1.38 the original reward. 

For this market, monitoring a fixed PV plant for a certain period 
could be of a great interest in order to evaluate the conversion 
feasibility. 

Nonetheless, it could be possible to design a reconfigurable 
interconnection device supporting both SP and TCT interconnec- 
tion topologies at the same time, but on the other hand, many 
switches would be needed and, as a result, costs would be 
increased. Therefore, the interconnection topology should be 
chosen first. While it could be possible to address the TCT 
connection topology for new plant designs and the SP for the 
conversion of existing plants, a better comparison study on the 
TCT versus SP reconfigurable approach should be needed in terms 
of investments, reliability and power improvements. The overall 
complexity of the solution and total cost are indeed important 
factors to evaluate a proper reconfigurable approach. Table 8 
provides an overview of the reconfiguration strategies discussed 
in this paper. Further research on the topic should be addressed 
towards the definition of efficient switching matrices also taking 
into account the lifetime of switches, not only installation costs, as 
well as the identification of applicability issues for each considered 
strategy. 
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